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REMARKS 

Formal Matters: 

Claims 34, 40, 45-66 and 69-74 are pending in this application. Claims 71-74 have been 
previously withdrawn from consideration. As such, claims 34, 40, 45-66 and 69-70 are pending and 
under examination in this application. 

Claim 59 has been amended to correct a typographical error. Support for this amendment can be 
found in Claim 13 as originally filed. 

Claims 77-79 are added herein. Support for new claim 77 can be found, for example, in original 
claim 33. Support for new claim 78 can be found, for example, in original claim 39. Support for new 
claim 79 can be found, for example, in the specification at page 18, hues 3-6 and at page 55, line 14, to 
page 56, line 24. 

As no new matter is added in these new claims, entry by the Examiner is respectfully requested. 
Interview Request 

The Applicants herein request a personal interview with the Examiner to discuss the outstanding 
rejections in this case in view of the amendments and arguments presented herein. Applicants will 
contact the Examiner in due course to find a suitable date and time to conduct the interview. 

Rejections Under §101. utility 

Claims 34, 40, and 45-66, 69 and 70 have been rejected under 25 U.S.C. §101 as lacking 
patentable utiUty. The Applicants respectfully traverse this rejection. 

The Office Action has reiterated that the claimed invention is allegedly not supported by either a 
specific and substantial asserted utility or a well-estabUshed utility. In particular, the Office Action 
states: 

Each method of screening requires an orphan GPCR that has been associated 
with a disease or disorder. However, each claimed method lacks specific and 
substantial utility because the orphan GPCRs to be used are associated with an 
unspecified disease or disorder, (see page 5 of the Office Action) 
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The pending claims are directed to methods for screening orphan receptors. The claimed 
methods will work with any orphan receptor that is constitutively active or can be made to be 
constitutively active. Thus, the claims are not, and should not be, limited to any particular orphan 
receptor. Because the claims are not limited to a particular orphan receptor, they are likewise not 
limited to a particular disease or disorder. The claims recite that the skilled person will have in hand an 
orphan receptor of interest associated to their satisfaction with a disease or disorder. 

Generally, the claims of the subject application are directed to a "research tool" or enabling 
technology which plays an important role in developing a biopharmaceutical end product (compounds), 
where without it, the end product would either not have been found or found only after a great deal of 
effort and expense. As of the filing date of the invention, orphan receptors were not screened until they 
had been "de-orphanized" (i.e., an endogenous ligand had been identified). However, finding an 
endogenous ligand for an orphan receptor was, and still is, very expensive, time consuming and 
oftentimes unsuccessful. The claimed methods provide a novel and inventive way to screen for 
compounds that modulate an orphan receptor's activity without first de-orphanizing the receptor (i.e., 
identifying the endogenous ligand). 

The ability to use the claimed methods on any orphan receptor demonstrates the real world 
usefulness of this invention, hi fact, the Assignee of the subject application, Arena Pharmaceuticals, 
was able to raise venture capital for research based on this technology (called CART for constitutively 
activated receptor technology). Applicants have provided herein as Exhibit A, a press release dated 
February 22, 1999, which announces successful completion of a $17 million private offering. In the 
press release Arena's president and CEO is quoted as saying "we view the substantial over-subscription 
for our Series D Preferred Stock as a good indication of the support that our investors have in Arena and 
our CART™ Technology". The press release goes on to further describe the CART technology. 

Applicants also provide another press release from November 15, 1999, announcing a 
collaboration between Arena Pharmaceuticals and Neurocrine Biosciences for use of Arena's 
constitutive activation technology to three orphan GPCRs (see Exhibit B), A quote form the vice 
president of drug discovery at Neurocrine Biosciences indicates that "Orphan receptors provide great 
opportunities for new discoveries in biology and neuroscience and can become novel drug targets. 
Neurocrine has discovered several orphan receptors and Arena's proprietary technology will allow us to 
maximize our evaluation of these potential drug targets and provide strategies to screen these receptors 
for small molecule agonists and antagonists." 
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Clearly, both investors and other biotechnology companies appreciated the "real world" utility of 
Arena's CART technology. 

The Examiner summarizes his position by quoting In Re Fisher {16 USPQ2d 1225 (CA FC 
2005)), which concludes by stating: "Simply put, to satisfy the 'substantial' utility requirement, an 
asserted use must show that that claimed invention has a significant and presently available benefit to 
the pubhc". Based on the discussion above, the Applicants respectfully submit that, in contrast to the 
Examiner's assertion, they have shown that the claimed invention has a significant and presently 
available benefit to the public, and therefore have fully satisfied the requirements of 35 U.S.C. §101. As 
such, withdrawal of this rejection is respectfully requested. 

Rejections Under §112. fl (Enablement) 

Claims 34, 40 and 45-66, 69 and 70 are rejected as not meeting the "how to use" part of the 
enablement requirement of 35 U.S.C. § 1 12, first paragraph. 

The basis for this rejection is the Examiner's contention that the claims are not supported by a 
patentable utility. 

As such, it is believed that this rejection has been adequately addressed in the discussion in the 
preceding section of this response. 

In view of the discussion in the preceding section of this response, Applicants respectfully 
request withdrawal of this rejection. 

Rejections Under §112. %\ (Written Description) 

Claims 34, 40 and 45-66, 69 and 70 are rejected under 35 U.S.C. 112, first paragraph, as failing 
to comply with the written description requirement. 

Applicants note with thanks that the Examiner has acknowledged the specification does provide 
an example of an orphan GPCR (GPR3) that is associated with a disease (epilepsy). However, the 
Examiner does not consider this example to provide sufficient description for the genus of orphan 
GPCRs that are associated with diseases or disorders. The Applicants respectfully disagree. 

First, the Apphcants note that in addition to the working example of GPR3, the specification 
provides teaching for associating receptors and diseases or disorders. For example, see page 33, line 20, 
to page 34, line 12 and page 75, line 20, to page 76, line 1, excerpts from which are provided below: 
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Once it has been appreciated that: 1) inverse agonists to orphan receptors can 
be identified-by the methodologies of this invention; and 2) that such inverse 
agonists are ideal candidates as lead compounds in drug discovery programs for 
treating diseases related to the receptors, a search, impossible in the prior art, 
for treatments to diseases becomes enabled by this knowledge. For example, 
scanning both diseased and normal tissue samples for the presence of a receptor 
now becomes more than an academic exercise or one which might be pursued 
along the path of identifying an endogenous ligand... The presence of the 
receptor in a diseased tissue, or the presence of the receptor at elevated 
concentrations in diseased tissue compared to a normal tissue strongly can be 
preferably utilized to identify a correlation with that disease. 

The data support the position that the present invention effectively and 
efficiently allows for direct identification of inverse agonists against a receptor 
for which the endogenous hgand is unknown. Because of this technology, 
correlating the distribution of orphan receptors in specialized tissue and/or 
correlating the presence of such receptors with specified diseases allows for a 
rational approach to the development of a pharmaceutical composition(s) for 
such diseases. 

Second, Applicants further submit that at the time of filing other orphan receptors were known in 
the literature that had been associated with diseases and disorders. Applicants submit herewith as 
Exhibit C three different references evidencing this fact: (i) Liao et al.. The Journal of Experimental 
Medicine (June 2, 1997) vol. 185, p. 2015-2023, entitled "STRL33, A Novel Chemokine Receptor-like 
Protein, Functions as a Fusion Cofactor for Both Macrophage-tropic and T Cell Line-tropic HIV-l"; (ii) 
Alkhatib et ah. Nature (July 17, 1997) vol. 388, p. 238, entitled "A new SIV co-receptor, STRL33"; and 
(iii) Farzan et ah, The Journal of Experimental Medicine (August 4, 1997) vol. 186, p. 405-411, entitled 
" Two Orphan Seven-Transmembrane Segment Receptors Which Are Expressed in CD4-positive Cells 
Support Simian hnmunodeficiency Virus Infection". 

Liao et al. describe the identification of a novel human gene, STRL33, which encodes an orphan 
GPCR having sequence similarity to chemokine receptors and to chemokine receptor-like orphan 
receptors. STRL33 is expressed in lymphoid tissues and activated T cells, and is induced in activated 
peripheral blood lymphocytes. Li this reference, Liao et al. demonstrate that, in contrast with the major 
known cofactors CXCR4 and CCR5, STRL33 can function with CD4 to mediate fusion with cells 
bearing HP/-1 Env proteins from both T cell-tropic and macrophage-tropic HIV-l strains. Therefore, 
Liao et al. disclose a human orphan GPCR associated with the infectivity and pathology of the virus that 
causes AIDS, 
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Alkhatib et al describe further studies with the orphan, receptor STRL33, this time in studies 
with simian immunodeficiency virus (SIV). Specifically, Alkhatib et al. show that transfection of 
STRL33 into Jurkat cells renders them competent for infection with SIV, demonstrating that this orphan 
receptor is a co-receptor for SIV. This activity has relevance to human AIDS apart from the general 
parallels between the human and simian systems, as SIV is phylo genetically thought to be the immediate 
progenitor of HIV-2, a virus known to cause AIDS in humans. Additionally, this study provides clues to 
understanding how individuals who are homozygous for an inactivating deletion in the CCR5 gene, and 
therefore thought to be resistant to HIV infection, are nonetheless infected with HIV-1 . Specifically, 
HIV may rely on alternative co-receptors, including orphan receptors like STR33. 

Farzan et al. disclose that two orphan seven-transmembrane receptors, gprl and gprl5, serve as 
coreceptors for SIV, and are expressed in human alveolar macrophages. Farzan et al. go on to find that 
gprl 5 (the more efficient SIV coreceptor of these orphan receptors) is also expressed in human CD4 + T 
lymphocytes and activated rhesus macaque peripheral blood mononuclear cells. These results 
underscore the potential diversity of seven-transmembrane receptors that are used as entry cofactors by 
primate immunodeficiency viruses, including orphan receptors gprl and gprl 5. 

In view of the description of a working example of an orphan GPCR associated with a disease in 
the subject specification, the teachings in the specification, and the state of art at the time of the 
invention (as represented by the three references described above), the Applicants submit that the 
written description requirement is fully satisfied for the claims of the subject application. Withdrawal of 
this rejection is thus respectfully requested. 
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CONCLUSION 

Applicants submit that all of the claims are in condition for allowance, which action is requested. 
If the Examiner finds that a telephone conference would expedite the prosecution of this application, 
please telephone the undersigned at the number provided. 

The Commissioner is hereby authorized to charge any underpayment of fees associated with this 
communication, including any necessary fees for extensions of time, or credit any overpayment to 
Deposit Account No. 50-0815, order numberAREN-OOlCIP. 

Respectfully submitted, 
BOZICEVIC, FIELD & FRANCIS LLP 



Date: November 13, 2007 By: /David C. Scherer. Reg. No. 56,993/ 

David C. Scherer, Ph.D. 
Registration No. 56,993 



Enclosures: 

Exhibit A - press release dated February 22, 1999 (1 page) 
Exhibit B - press release dated November 15, 1999 (2 pages) 

Exhibit C - (i) Liao et al.. The Journal of Experimental Medicine (June 2, 1997) vol. 185, p. 

2015 (9 pages); (ii) Alkhatib et al. Nature (July 17, 1997) vol. 333, p. 238 (1 page); 
and (iii) Farzan et al.. The Journal of Experimental Medicine (August 4, 1997) vol. 
186, p. 405 (7 pages). 



BOZICEVIC, FIELD & FRANCIS LLP 
1900 University Avenue, Suite 200 
East Palo Alto, Cahfomia 94303 
Telephone: (650) 327-3400 
Facsimile: (650)327-3231 

F:\DOCUMENT\AREN\001CIP (001.US2.CIPMmendment to Accompany RCE.doc 
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■ y " Exhibit A 

Arena Pharmaceuticals, Inc. Annoimces Siiccess&l. Completion of $17 Million Private Offering 

SAN DIEGO, Feb. 22 /PRNewswire/ - Arena Pharmaceuticals, Inc. (Arena(TM)), a privately-held 
biotechnology company, has announced the successful completion of a private offering tlirough the sale of its 
Series D Preferred Stock. Arena had intended to raise $10 Million through this offering; gross proceeds from 
the sale of its Series D Preferred Stock amounted to $17 Million. The placement agent for the offering was 
ING Baling Furman Selz LLC (New York, NY). Co-lead investors for the offering were MPM Asset 
Management, LLC (Cambridge, MA) and International Biomedicine Management Partners, Inc. (Basel, 
Switzerland). Other institutional mvestors were Tripos, Inc. (Nasdaq: TRPS), OrbiMed Advisors, LLC (New 
York, NY) and A.M. Pappas & Associates (Durham, NC). 

"We are veiy pleased with not only the amount of money that was raised by the sale of Arena Series D 
Preferred Stock, but also the quality of the Series D investors," noted Jack Lief, Arena's President & CEO. "As 
is well known within the industry, the past year has been a particularly difficuh period for start-up companies 
to raise money, such that we view the substantial over-subscription for our Series D Prefen-ed Stock as a good 
indication of the support that our investors have in Arena and our CART(TM) Teclinology." Proceeds from the 
offering will be used to fund Arena's on-going research and development activities, provide working capital 
and for other general coiporate purposes. 

Founded in April 1997, Arena is primarily focused on the discovery and development of novel therapeutic 
modulators of G protein-coupled receptors (GPCR), using its proprietary CART Tecliiiology. CART allows 
for the direct identification of such modulators at these receptors in a ligand-independent manner, making the 
teclinology particularly useful with respect to the over 2,000 orphan GPCR targets that are estimated to be a 
part of the human genome. 

Such ligand independent screening is made possible by genetic alteration of receptors, using proprietary, 
genetic cassettes. In addition to its proprietary platfomi teclinology, the Company has also in-licensed late- 
stage pre-clinical candidates for clinical studies. Arena's lead compound for Alzheimer's disease is currently in 
Phase I studies. The Company's 38,000 square-foot research and development headquarters are located at 6166 
Nancy Ridge Drive, San Diego, CA 92121. 

SOURCE: 

Arena Pharmaceuticals, Inc. 
CONTACT: 

Jack Lief, President & CEO of Arena Pharmaceuticals, Inc., 619-453-7200 
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Exhibit B 



Neurocrine Biosciences and Arena Pharmaceuticals Announce Receptor Collaboration 

SAN DIEGO, Sept. 15 /PRNewswire/ - Neurocrine Biosciences, Inc. (Nasdaq: NBIX) and Arena 
Pharmaceuticals, Inc. (^'Arena'O, a privately held biopharmaceiitical company, today announced a 
collaboration involving the application of Arena's constitutive activation technology to three Neurocrine 
orphan G protein-coupled receptors (GPCRs). The collaboration also includes the opportunity for screening of 
the constitutively activated Neurocrine oiphan GPCRs by Ar'ena using Arena's in4iouse chemical libraiy, or 
using Neurocrine's in-house chemical library, for the direct identification of small molecule modulators of the 
activated GPCRs. These modulators may be useful as leads for the development of GPCR-based therapeutics. 

"Oiphan receptors provide great opportunities for new discoveries in biology and neuroscience and can 
become novel drug targets, Neurocrine has discovered several orphan receptors and Arena's proprietary 
teclinology will allow us to maximize our evaluation of these potential drug targets and provide strategies to 
screen these receptors for small molecule agonists and antagonists," said Paul Conlon, Vice President of Drug 
Discovery at Neurocrine Biosciences. 

Founded in April of 1997, Arena is primarily focused on the discovery and development of novel therapeutic 
modulators of GPCRs, using its proprietary CART Teclmology. CART allows for the direct identification of 
such modulators at these receptors in a Hgand-independent manner, making the technology particularly useful 
with respect to the over 2,000 orphan GPCRs that are estimated to be a part of the human genome. Such ligand 
independent screening is made possible by genetic alteration of receptors, using routinely applicable, and 
proprietary, genetic cassettes. 

Neurocrine Biosciences is a leading neuroscience company focused on the discovery and development of 
novel therapeutics for neuropsychiatric, neuroinflammatory and neurodegenerative diseases and disorders. The 
Company's neuroscience, endocrine and immunology disciplines provide a unique biological understanding of 
the molecular interaction between central nervous, immune and endocrine systems for the development of 
therapeutic interventions for anxiety, depression, Alzheimer's disease, insomnia, stroke, malignant brain 
tumors, multiple sclerosis, obesity and diabetes. 

Neurocrine Biosciences, Inc. news releases are available free of charge though PR Newswire's Company News 
On-Call fax service. For a menu of Neurocrine's previous releases, or to receive a specific release via fax call: 
(800) 758-5804, ext. 604138, or use the Internet via Mlt>;ZMww,:pniews^^ 

In addition to historical facts, this press release contains forward looking statements that involve a number of 
risks and uncertainties. Among the factors that could cause actual resuhs to differ materially from those 
indicated in the foi-ward looking statements are risks and uncertainties associated with Neurocrine's research 
and development programs and business and finances including, but not limited to, risks and uncertainties 
associated with, or arising out of, drug discovery, pre-clinical and clinical development of products including 
risk that research may not generate development candidates, development candidates will not successfully 
proceed tlirough early clinical trials or that in later stage clinical trials will not show that they are effective in 
treating humans; determinations by regulatory and governmental authorities; changes in relationships with 
strategic partners and dependence upon strategic partners for performance of clinical and commercialization 
activities under collaborative agreements including potential for any collaboration agreement to be teminated 
without any product success; uncertainties relating to patent protection and intellectual property rights of third 
parties; impact of competitive products and teclinological changes; availability of capital and cost of capital; 
and other material risks. A more complete description of these risks can be found in the Company's Form lOK 
for the year ended December 31, 1998 and the current forni lOQ each of which should be read before making 
any investment in Neurocrine common stock. Neurocrine undertakes no obhgation to update the statements 
contained in this press release after the date hereof 

SOURCE: 
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Neurocrine Biosciences, Inc.; Arena Pharmaceuticals, Inc. 
Web S ite : h ti |.) ; / / w w n e ii roc ni ic , com/ 

Company News On Call: hup;//w:ww j}iiiew or fax, 800-758-5804, ext. 604138 

CONTACT: 

Elizabeth Foster or Paul Hawran, 858-658-7600, both of Neurocrine Biosciences, Inc.; 
or Jack Lief, President & CEO of Arena Pharmaceuticals, Inc., 858-453-7200 
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STRL33, A Novel ChemoMne Receptor-like Protein^ 
Fiinctioes as a Fusio0 Cofactor for Both Macrophage-tropic 
andT Cell Line-tropic HIV-1 

By Fang Liao * Ghalib Alkhatib,^ Keith WC. Peden,§ Geetika Sharma,* 
Edward A. Berger/ and Joshua M. Farber* 



From the * Laboratory of Clinkal Investigation; ^Laboratory of Viral Diseases, National Institute of 
Alierg}^ and Infectious Diseases, National Institutes of Health, Bethesda, Maryland', and tlie 
^Laboratory of Retrovirus Research, Center for Biologies, Evaluation and Research, Food and Drug 
Administration, Bethesda, Maryland 20892 



Summary 

The chemokine receptors CXCR4, CCR2B, CCR3, and CCR5 have recently been shown 
to serve along with CD4 as coreceptors for HIV-1. The tropisms of HIV-1 strains for sub- 
groups of CD4"^ cells can be explained, at least partly, by the selective use of G protein-cou- 
pled receptors (GPCRs). Vv^e have identified a novel human gene, STRL33, located on chro- 
mosome 3 that encodes a GPCR with sequence similarity to chemokine receptors and to 
chemokine receptor-like orphan receptors. STRL33 is expressed in lymphoid tissues and acti- 
vated T cells, and is induced in activated peripheral blood lymphocytes. When transfected into 
nonhuman NIH 3T3 cells expressing human CD4, the STRL33 cDNA rendered these cells 
competent to fuse with cells expressing HIV-1 envelope glycoproteins (Envs). Of greatest in- 
terest, STRL33, in contrast with CXCR4 or CCR5, was able to function as a cofactor for fu- 
sion mediated by Envs from both T cell line-tropic and macrophage-tropic HIV-1 strains. 
STi^L 33-transfected Jurkat cell lines also supported enhanced productive infection with HIV-1 
compared with control Jurkat cells. Despite the sequence similarities between STRL33 and 
chemokine receptors, S77?L53- transfected cell lines did not respond to any in a panel of 
chemokines. Based on the pattern of tissue expression of the STRL33 mRNA, and given the 
ability of STRL33 to function with Envs of differing tropisms, STRL33 may play a role in the 
establishment and/or progression of HIV-1 infection. 



The seven transmembrane domain G protein-coupled 
receptors (GPCRs) ^ constitute a large family of pro- 
teins that signal in response to agonists as diverse as poly- 
peptide hormones, neurotransmitters, odorants, light, and 
cytokines (1 , 2) . Within this superfamily is the group of re- 
ceptors for the chemokines, cytokines that are produced by 
many tissues and cell types and whose best-described activ- 
ities are as chemotactic factors for leukocytes, including 
lymphocytes (3). To date, 10 human receptors that signal in 
response to chemokines have been described, designated by 
the most recent nomenclature CXCRl-4 for the receptors 
for chemokines in the CXC subfamily and CCRl, 2A, 2B, 
and 3-5 for the receptors for chemokines in the CC sub- 
family. In addition, a number of orphan GPCRs have been 
identified whose sequences suggest that they may be recep- 
tors for as yet unidentified chemokines (4) . 

^Abbreviations used in this paper: [3 -Gal, {3-gaiactosidase; Envs, envelope 
glycoproteins; FBS, fetal bovine serum; GPCRs, G protein-coupled re- 
ceptors; HEK, human embryonic kidney; M-tropic, macrophage tropic; 
ORF, open reading frame; TCL-tropic, T cell line tropic; TIL, tumor- 
infiltrating lymphocytes; TMD, transmembrane domain. 



Recent work has revealed novel relationships between 
chemokines-chemokine receptors and infection with HIV-l. 
Understanding these relationships has shed light on mecha- 
nisms of HIV-1 entry into cells and on the tropisms of 
HIV-1 strains for specific populations of CD4"^ cells. All 
HIV-1 strains can infect primar)-' T cells. However, as a result 
of differences among their envelope glycoproteins (Envs), 
some HIV-1 strains are able to infect macrophages (M-tropic) 
but not immortalized T cell lines; some, among them labo- 
ratory-adapted strains, are able to infect immortalized T cell 
lines (TCL-tropic) much more efficientiy than they infect 
macrophages; and some strains are readily able to infect 
both types of cells. Analysis of clinical HIV-1 isolates sug- 
gests that M-tropic strains are critical for establishing and 
maintaining infection (reviewed in references 5, 6). 

The CC chemokines MlP-la, MIP-1(3, and RANTES 
were found to suppress infection of lymphocyte by M-tropic 
HIV-1 strains (7). This report was followed by the func- 
tional cDNA cloning of a cofactor (designated fusin) that, 
along with CD4, mediates fusion and entry of TCL-tropic 
HIV-1 strains (8). Fusin, previously identified as an orphan 
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GPCR, has recently been shown to be a receptor for the 
CXC chemokine SDF-1 and has been renamed CXCR4 
(9, 10). 

The discover}-^ of the activity of CXCR4 was followed 
by the demonstration that chemokine receptor CCR5 can 
function as a cofactor with CD4 for cell fusion and/ or viral 
entry and infection by M-tropic strains of HIV-1 (11-16). 
CCR5 has been demonstrated to play a critical role in the 
establishment of HIV-1 infection, because homozygosity 
for an allele encoding a fusion- defective CCR5, present in 
^1% of the Caucasian population, is strongly associated 
with resistance to HIV-1 infection (17-20). Nonetheless, 
HIV-1 infection has been reported in an individual ho- 
mozygous for the defective CCR5 gene (21), indicating 
that under some circumstances CCR5 is not essential for 
infection. Identifying the range of coreceptors that can be used 
by HIV-1 is important, particularly if therapies targeting 
specific coreceptors place the virus under selective pressure. 

As part of studies on the roles of chemqkines in lympho- 
cyte biolog3% we designed experiments to identify novel 
chemokine receptors in human T cells. In this report, we 
describe the molecular cloning of a cDNA for STRL33, a 
gene encoding a GPCR related to known chemokine re- 
ceptors that is expressed in lymphoid tissues and activated 
T cells, and is induced in activated PBL. We demonstrate 
that STRL33, in marked contrast with CXCR4 and CCR5, 
can function with CD4 as a cofactor for cell fusion medi- 
ated by Envs of both M-tropic and TCL-tropic strains of 
HIV- 1 and we show that transfection with STRL33 signif- 
icantly enhances the ability of Jurkat cells to support pro- 
ductive infection with HIV-l. These data suggest that 
STRL33 may play a role in the establishment and/or the 
course of HIV-1 infection. 



Materials and Methods 

Cell Culture. Jurkat, SUP-Tl, U937, human embryonic kid- 
ney (HEK) 293, HeLa, and NIH 3T3 cells were obtained from 
American Type Culture Collection (ATCC, Rockville, MD). 
CEM clone 12D7 was obtained from Dr. G. Poll (National Insti- 
tute of Allergy and Infectious Diseases, National Institutes of 
Health). Tumor-infiltrating lymphocytes (TIL) R4, R8, F9, and 
BIO, prepared from human melanomas, were obtained from Dr. 
J.R. Yannelli (National Cancer Institute). EBV414 is an EBV- 
transformed B lymphoblastoid cell line obtained from Dr. R. Sili- 
ciano Qohns Hopkins University). Jurkat, SUP-Tl, CEM, U937, 
and EBV414 cells were grown in RPMI-1640 with 10% fetal bo- 
vine serum (PBS). Elutriated PBL and monocytes were obtained 
from a normal donor by the Department of Transfusion Medicine 
(National Institutes of Health) , and PBL were purified further by 
banding on FicolJ-Paque. For activation, 5 X 10^ PBL/ml were 
cultured with 10 jxg/ml PHA-P and 1 fiM ionomycin for 3 d be- 
fore harvesting for RNA, 293 cells were grown in MEM plus 
10% horse serum. HeLa and NIH 3T3 cells were grown in 
DMEM with 10% PBS. TIL were grown in either RPMI-1640 
wdth 10% FBS or in AIM-V (GIBCO BRL, Gaithersburg, MD), 
in each case supplemented with 500 U/ml IL-2, and the cells 
were stimulated periodically with 250 ng/ml PHA plus irradiated 
allogeneic PBMC. 



Cloning of STRL33 cDN As. Total RNA was prepared from 
the F9 TIL using TRlzol reagent (GIBCO BRL. Gaithersburg, 
MD), poly (A) ^ RNA was selected using oligo(dTj cellulose (Col- 
laborative Biomedical Products, Bedford, MA), and first-strand 
cDNA was synthesized using oUgo(dT) primers and the Super- 
Script Preamplification System (GIBCO BRL) according to the 
instructions of the manufacturer, For amplification, primer pools 
were designed based on transmembrane domain (TMD) II and 
TMD VII amino acid sequences from the human sequences for 
IL-8RA, IL-SRB, CCRl, and CCR2 and the murine homo- 
iogues of IL-8RB and CCRl and were 5'-GA(T/C){C/T)TI(C/ 
T/G)TTTT(T/C) (G/T/C) (C/T)I(T/C/A)TIACI(T/C)TICG and 
5 ' ~CCL\ (T/C) (A/G) AAI (G/A) (C/T) (A/G) TAIA (T/A/G) lA (G / 
A/T/C)IGG(A/G)TT, respectively. Amplifications were done 
with cDNA synthesized from 0.015 jjog of poly (A) ^ RNA, with 
1.5 |xM of each primer pool in a 20 )xl reaction volume with Taq 
polymerase and reagents from Perkin Elmer (Norwalk, CT), ac- 
cording to the instructions of the manufacturer. PGR was done 
using 30 cycles of denaturation at 94°C for 0.5 min, annealing at 
45''C for 2 min. and chain extension at 72''C for 1.5 min. 

1 }xl from the first PGR was used in a second PCR done 
identically to the first and the products of the second reaction 
were separated on a 1.5% agarose gel from which fragments of 
the predicted size of ^670 bp were purified and inserted by blunt 
end ligation into the vector pN0TA/T7 (5' 3' Prime, Inc., 
Boulder, CO). 88 ampicillin -resistant bacterial transformants were 
picked and, to eliminate known sequences, hybridizations were 
done with radiolabeled oligonucleotide probes for receptors 
CCRl, CCR2, CCR3, CXCR4, BLRl, EBll and STRL22. 
Among the inserts in the nonhybridizing colonies was a novel se- 
quence designated STRL33. 

Using poly (A)- RNA from F9 TIL a \ ZAP Express (Strat- 
agene, La Jolla, CA) cDNA library was prepared according to the 
instructions of the manufacturer. 1.4 X 10^ recombinant phages 
from the nonampiified library were screened using a radiolabeled 
STRL33 probe. 10 positive phages were plaque-purified and the 
pBK-CMV (Stratagene, La Joila, CA) plasmids containing STRL33 
inserts were recovered by in vivo excision according to the in- 
structions of the manufacturer. Manual and/or automated dideoxy 
sequencing was done for the entire cDN A clone STRL33. 1 , the 
5' nontransiated region of clone STRL33.2, the 5' nontransiated 
region and open reading frame (ORF) of clone STRL33.3, and 
portions of other cDNA clones, some of which were obtained 
using RT-PCR. 

Northern Blot Analysis. Total RNA was prepared as above. 
DNAs used for probes were the following: IL8RA, IL8RB, 
CCR3, EBIl and BLRl genomic fragments and CCR2B cDNA 
obtained from Dr. P. Murphy (National Institute of Allergy and 
Infectious Diseases); STRL33, CCRl, CCRl CCR5, CXCR4, 
and CMKBRLl cDNAs that we isolated either from our X library 
or by RT-PCR from TIL mRNA; and an STRL22 genomic 
fragment isolated as described (22). Hybridizations to leukoc>4e 
RNA were performed as described with washes in O.lX SSC, 
0.1% SDS at 50^C (23). Hybridizations with an oligonucleotide 
probe to 18S rRNA were as described (24). The blot of poly (A) ^ 
RNA from human tissues was obtained from Clontech (Palo 
Alto, CA). Hybridizations were done according to the instruc- 
tions of the manufacturer with w^ashes as described above. Auto- 
radiography/ftuorography was done using an intensifying screen. 

Production and Analysis of STRL33-transfected Cell Lines. An EcoRI- 
Earl fragment containing the complete STRL33 ORF was iso- 
lated from the pEK-CMV /STRL33. 1 plasmid and inserted into 
pCEP4 (Invitrogen, Carlsbad, CA) and pCIneo (Promega Corp., 
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Madison, WI). The pClneo/ STRL33 DNA was transfecteci into 
HEK 293 cells by calcium phosphate precipitation (25) and the 
pCE?i/STRL33 DNA and pCEP4 without a cDNA insert were 
transfected into Jurkat cells by electroporation (26) . Selection was 
in 200 fjig/ml hygromycin B (Sigma, St. Louis, MO) and 1 mg/ml 
G418 (GIBCO BRL, Gaithersburg. MD) for pCEP4 -transfected 
cells and pCIneo-transfected cells, respectively. Individual colo- 
nies of resistant 293 cells were cloned and expanded and Jurkat 
lines were derived by limiting dilution after the electroporation. 
Lines expressing the highest levels of STRL33 mRNA were used to 
test responses to chemokines using the fluorometric calcium flux 
assay as described (27), or for infection with HIV-1 as described 
below^ Recombinant HuMig was obtained by infecting High 
Five cells of Trkhoplusia ni (Invitrogen, Carlsbad, CA), as will be 
described elsewhere, and was purified by column chromatography 
as described (27). IP~10, MCP4, MCP^2, MCP-3, RANTES, 
MIP~la, MIP-ip, platelet factor 4, IL~8, and iymphotactin were 
purchased from Pepro Tech (Rocky Hill, NJ). MCP-4 was a gift 
from Dr. A. Luster (Harvard University). 1309 and SDF-1 were 
gifts from R&D Systems (Minneapolis, MN) . 

Assays for Activity of STRL33 as a Fusion Cofactor. Assays were 
done using a vaccinia -based Eschericiiia coli lacZ reporter gene assay 
for fusion between two cell populations, one expressing an HIV-1 
Env and die other expressing CD4 (28). Vaccinia-mediated expres- 
sion of GPCRs was achieved by transfection of 7 X 10^ NIH 
3T3 ceils using DOTAP lipofectin (Boehringer Mannheim, Indi- 
anapolis, IN) with 10 fJLg of plasmids containing DNA encoding 
the GPCRs linked to the bacteriophage T7 promoter. The plas- 
mid vectors were pCIneo (Promega Corp., Madison, WI) for 
STRL33 and pCDNA3 for CXCR4 (8) and CCR5 (11); as a 
negative control, pCIneo lacking an insert was used. After 4-5 h, 
the transfected cells were infected at 10 PFU/cell with recombi- 
nant vaccinia viruses vCB-3 encoding human CD4 (29) and vTF7-3 
encoding T7 RNA polymerase (30). A separate population of 
HeLa cells was coinfected with vaccinia virus vCB-21R-LacZ 
containing iacZ encoding p-galactosidase (|3-Gal), under control 
of a T7 promoter (31) and one of the foUow^ing Env -encoding vac- 
cinia viruses: vCB-41 encoding the LAV (NL4.3) Env (32), vCB-39 
encoding the ADA Env (32), vCB-28 encoding the JR-FL Env 
(32), vCB~32 encoding the SF-162 Env (32), vCB-43 encoding 
the Ba-L Env (32) , vSC60 encoding the IIIB Env (Chakrabarti, 
S., and B. Moss, personal communication), and vCB-16 encod- 
ing the nonfusogenic Unc Env (32). For experiments using the 
89.6 Env, before infection with vCB-21R-LacZ, HeLa cells 
w^ere transfected with 10 )Jig of the pSC59 plasmid (Chakrabarti, 
S., and B. Moss, personal communication) containing DNA en- 
coding the 89.6 Env (33), a gift of R. Collman (University of 
Pennsylvania School of Medicine). Infected cells were incubated 
overnight at 31°C, Duplicate samples of 10^ NIH 3T3 target cells 
and 10^ Env-expressing cells were mixed; after 2.5 h cells were 
lysed and p-Gal activity was measured as described (28), 

Infectivit}^ Assay for HW-L Vims stocks of HIV-lELii were pre- 
pared by transfection of 293 cells with molecular clone pELIi 

(34) , and the amount of virus was determined by RT activity 

(35) . 2 X 10^ cells of the Jurkat cell lines were infected with the 
amount of virus corresponding to 10^ cpm of RT activity as de- 
scribed (35). Virus production was measured by the appearance of 
RT activity in the medium. 

Results and Discussion 

To identify novel chemokine receptors expressed in T cells, 
we used RT~PCR wdth poly (A) ^ RNA prepared fronn 



TIL line F9 and pools of degenerate primers based on con- 
served sequences in the TMDs of known chemokine re- 
ceptors. We isolated a sequence encoding a novel GPCR, 
designated STRL33, for seven TMD receptors from lym- 
phocytes clone 33. Southern blot analysis of human ge- 
nomic DNA digested with BamHI, Hindlll, and PstI re- 
vealed a single STRL33 gene, and using 5TKL33-specific 
primers and DNA prepared from a panel of human-ham- 
ster hybrid cell lines, STRL33 was localized to chromo- 
some 3 (data not shown). This raises the possibility that 
STRL33 is in the cluster of genes for chemokine receptors 
CCRl, 2, 3, and 5 at 3p21, although the OCR proteins 
show >50% amino acid identity among themselves, dem- 
onstrating significantty closer relationships than what is seen 
in comparisons with STRL33 (see below). 

Screening of a nonamplified X cDNA library prepared 
from F9 TIL revealed an abundance for STRL33 mRNA 
of ^0.01%, 10 cDNA clones were isolated and by restriction 
enzyme digestion, three size classes were identified. Repre- 
sentative cDNAs from each class, STRL33.1, STRL33.2, 
and STRL33.?>, respectively, were evaluated in more detail 
by restriction analysis and partial sequencing, revealing that 
size differences among the clones were due to 5 ^ nontrans- 
lated regions that differed not only in length but in their se~ 
quences. The complete sequence of STRL33.1, the se- 
quence of the 5' nontranslated region of STRL332, and 
the sequence of the 5' nontranslated region and ORF of 
STRL333 have been submitted to GenBank with accession 
numbers U73529, U73530, and LJ73531, respectively. 
STRL33.1 contained 1,897 nucleotides, excluding the 
poly (A) tail, with an ORF encoding a predicted protein of 
342 amino acids (Fig, 1). The predicted initiator codon was 
in a favorable context for initiation (36) and could be as- 
signed unambiguously because, with the reading frame 
fixed by comparison with other GPCRs, it was the first 
ATG after an in -frame stop codon in cDNA STRL33.3, 
and it was also the first in-frame ATG in cDNAs STRL33, 1 
and STRL332. As noted above, ORF sequence was also 
determined from cDNAs other than STRL33.1, and the se- 
quence of the entire STRL33. 1 ORF w^as confirmed in in- 
dependent clones. However, differences were noted between 
the ORFs of STRL33.1 and STRL333 at two positions: a 
second position change in the 25th codon of STRL33.3 
(GAG — > GCC), replacing D25 with A, and a silent third 
position change in the 103rd codon of STRL33.3 . The si- 
lent change in the 103rd codon of STRL33.3 was present in 
a second independent clone, whereas the 25th codon 
change has not been independently verified. We presume 
that at least the silent change represents a true polymorphism 
in the F9 TIL. The 5' nontranslated regions of STRL33A, 
STRL332, and STRL33.3 were 30, 135, and 1,462 nucle- 
otides, respectively, and sequence comparisons revealed 
that differences among these regions were due, at least in 
part, to alternative splicing (data not shown). Not surpris- 
ingly, the long additional 5' nontranslated sequence of 
STRL33.3 contained many ATG sequences (but no signifi- 
cant ORFs), suggesting that the STRL333 mRNA may 
not be translated efficiently, and although we could detect a 
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Figure 1. Alignment of the STRL33 predicted amino acid sequence with the selected GPCRs STRL22, GPR-9-6, EBll, IL-8RB, CXCR4, CCR3, 
CCR5, and IL-8RA, Numbers at the right indicate the positions of the residues at the end of each line of sequence. Solid backgrounds highlight matches 
between STRL33 and the other receptors. Dots indicate gaps introduced for optimal alignments. Putative TMDs I- VII are indicated by bars. The align- 
ments were generated using the PilelJp program of the Wisconsin Sequence Analysis Package of Genetics Computer Group (Madison, WI). 
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STRL33. 3-specific mRNA by Northern blot analysis (see 
below), the STRL33.3 cDNA may be derived from an in- 
connpletely processed mRNA. Extensive processing, yield- 
ing mRNAs with alternative 5' exons, is well documented 
among the chemoattractant receptors (2), and incomplete 
processing of mRNAs in lymphocytes has been suggested 
as a possible mechanism for the regulation of translation (37). 

Comparison of STRL33 with sequences in the GenBank 
database as of March 30, 1997, using BLAST (38) revealed 
no identical sequences but greatest similarity to orphan 
GPCRs and related chemokine receptors. Matches were 
found between sequences in the 3' nontranslated region of 
STRL33 and several sequences in the EST database for which 
no significant homologies had been identified. Alignments 
between STRL33 and selected related sequences is shown 
in Fig. 1. Percent identities between STRL33 and orphan 
receptors STRL22 (22), GPR-9-6 (GenBank accession num- 
ber U45982), and EBIl (39) are 37, 32, and 32%, respectively, 
and between STRL33 and chemokine receptors IL-8RB 
(CXCR2), CXCR4, CCR3, CCR5, and IL-8RA (CXCRl) 
are 30, 30, 30, 29, and 28%, respectively. STRL22 is an or- 
phan receptor gene that, like STRL33, was isolated from 
the F9 TIL (22). 

Fig. 1 shows that similarities among the receptors are 



greatest in the TMDs, as is typical of GPCRs. Like other 
GPCRs, STRL33 includes a site for N-linked glycosyla- 
tion in the NH2"terminal domain (N16), cysteines in extra- 
cellular loops one and two (CI 02 and CI 80), and multiple 
serines in the COOH terminal domain (1), While there Is 
no signature sequence motif for the chemokine receptors, 
the STRL33 sequence does contain some features charac- 
teristic of chemokine receptors, including an acidic NH2- 
terminal domain wath paired acidic residues (E8 and D9, 
E21 and E22) (2), a short basic third intracellular loop, an 
alanine in place of the proline that is conserved in non- 
chemokine receptor GPCRs in the second intracellular 
loop (A 134), a paired cysteine and tyrosine in TMD V 
(C210 and Y211), and a cysteine in TMD VII (C282). In 
contrast, some residues typical for chemokine receptors are 
absent from STRL33, including cysteine residues in the 
NH2-termina] domain and in the third extracellular loop. 
Multiple sequence alignment (PileUp, Genetics Computer 
Group, Madison, WI) places STRL33 in a group of orphan 
receptors, including STRL22, GPR-9-6, and EBIl, sepa- 
rate from the groupings of the CXCRs on one hand and 
the CCRs on the other (data not shown). 

We analyzed RNA expression by Northern blot of total 
RNA for STRL33 and other related receptors in leukocyte 
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Figure 2. Expression of STRL33 
and other GPCR genes. [A] The 
expression of STRL33, genes for 
known chemokine receptors, 
and genes for selected orphan 
GPCRs in leukocytes. 15 |xg of 
tota! RNA were electrophoresed 
on 1.2% agarose-formaldehyde 
gels, transferred to nitrocellulose 
membranes, and hybridized with 
the probes indicated on the left. 
A total of six membranes were 
used for hybridizations, and ade- 
quate removal of signal was doc- 
umented before repeat probings. 
Film exposure times ranged from 
overnight for the IL~8RA and 
IL-8RB blots to 13 d for the 
CXCR4 blot. Probings were 
done using an oligonucleotide 
complementary to 18S rRNA in 
order to demonstrate amounts of 
RNA loaded per lane and a rep- 
resentative biot is shown. (B) 
The expression of STRL33 in 
activated PEL. 25 p.g of total 
RNA from TIL, and freshly iso- 
lated and activated PBL were an- 
alyzed as in A and hybridized 
with a 32P--iabeled STRL33 ORF 
probe and a probe for 18S rRNA. 



populations and lines and in human tissues. As shown in 
Fig. 2 A, the STRL33 cDNA probe hybridized to a broad 
band at ^2 kb that was prominent in both CD4^ (R4, F9, 
and BIO) and CDS"^ (R8) TIL with low level signal in PBL 
but not in other cells tested, including immortalized CDA'^ 
T cell lines. Using a probe from the 5' nontranslated se- 
quences specific for the STRL333 mRNA, we also de- 
tected a band at ^3.6 kb in the F9 and BIO TIL after long 
exposure, not shown in Fig. 2 A. Fig. 2 B demonstrates that 
in vitro activation of PBL induces expression of STRL33 to 
levels comparable to that seen in the TIL. 

Fig. 2 A shows significant differences in expression of 
various chemokine receptor and orphan receptor genes 
among the leukocytes. Of particular interest is the demon- 
stration of heterogeneity of receptor gene expression among 
T cell preparations. In general, receptor gene expression is 
higher among the TIL than in T cell lines or freshly iso- 
lated PBL, although even among the TIL there are signifi- 
cant differences. For example, the CD 4^ F9 TIL show a 
significant signal for CCR3. This is noteworthy, because 
although CCR3 can serve in vitro as a coreceptor for HIV-l 
(13), speculation on a role for CCR3 in systemic HIV-1 
infection has been constrained by the assumption that 



among leukocytes CCR3 expression is limited to eosino- 
phils. 

Fig. 3 shows the expression of the STRL33 gene in se- 
lected human tissues. There is an mRNA species of ^2.1 
kb prominently expressed in lymphoid tissue; a species of 
^2.5 kb in placenta; low abundance species of 2.1-2.4 kb 
expressed in pancreas, liver, lung, and heart; and low abun- 
dance larger species in a variety of tissues. The conspicuous 
expression of the STRL33 gene in T cells, activated PBL, 
and lymphoid tissues is consistent with the presumption 
that STRL33 is a chemokine receptor. 

HEK 293 cells were transfected with an expression vec- 
tor containing the STRL33A ORF, and cell lines were de- 
rived as described in Materials and Methods. Ceil lines ex- 
pressing the highest levels of STRL33 RNA were tested in 
a fluorometric calcium flux assay for responses to chemo- 
kines. The 577^53- transfected cells v^^ere tested with platelet 
factor 4, IL-8, IP-10, HuMig, SDF-1, MlP-la, MIP-ip, 
RANTES, MCP-1, MCP-2, MCP-3, MCP-4, 1309, and 
lymphotactin, and no responses were found. 

The demonstrations that receptors for both CXC and 
CC chemokines can function as cofactors for HIV-1 entry 
into cells led us to test STRL33 in an assay designed to de- 
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tect fusion between two ceil populations: NIH 3T3 cells 
expressing T7 RNA polymerase, human CD4, and either 
STRL33 or CXCR4 or CCR5 , and HeLa cells expressing 
Envs from HIV-1 isolates with differing tropisms. Fusion 
between the two cell populations resulted in expression of 
p-Gal. As a negative control, we used the Unc Env, a mu- 
tant protein that cannot mediate fusion due to a deletion of 
the gpl20/gp41 cleavage site. 

The results of the fusion assays are shown in Fig. 4, In 
Fig, 4 A, NIH 3T3 cells expressing CD4 plus CXCR4 
fused well with cells expressing Envs from TCL -tropic 
LAV {NL4.3) and IIIB, whereas with Envs from the M -tropic 
strains only weak (ADA) or negligible (SF162, Ba-L, and 
JR-FL) fusion was observed. Cells expressing CD4 plus 
CCR5 showed the opposite specificity: they fused well 



Figure 3. The expres.sion of STRL3 3 in human tissues. Blots were pre- 
pared b}' the supplier (Clontech. Paio Alto, CA) from 1.2% agarose-form- 
aldGhyde gets containing "-^2 fxg poly(A)" RNA per lane. Hybridizations 
were done using a -^^P- labeled STRL33 ORF probe and blots were 



washed according to the instructions of the manufacturer. The blot pre- 
pared from lymphoid tissue [left] was exposed for 2 d, and the biot from 
other selected tissues (right) was exposed for 8 d. 
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Figure 4. Activity of STRL33 as a fusion cofactor. [A] NIH 3T3 cells 
were transfected with DNAs encoding CXCR4 or CCR5 or STRL33, 
and infected with vaccinia recombinants encoding CD4 and T7 RNA 
polymerase. HeLa ceils were infected with a vaccinia recombinant con- 
taining lacZ under control of a T7 promoter and infected separately with 
vaccinia recombinants encoding the indicated Envs. Unc is a mutant Env 
that cannot be cleaved to gpl20 and gp41 and cannot mediate fusion. 
Cell fusion was quantified by measuring ^-Gal activity. NIH 3T3 cells 
transfected with the STRL33 cDNA but not infected with virus vCB-3 
encoding CD4 did not fuse with cells expressing any of the Envs (data not 
shown). Results of one experiment are shown. STRL33 also mediated fu- 
sion with cells expressing both TCL-tropic and M-tropic Envs in four ad- 
ditional experiments. [B) Cell fusion experiment done as in A, except that 
here the DNA encoding the Env, 89.6, was introduced into HeLa cells by 
transfection of plasmid DNA, resulting in lower levels of fusion overall as 
compared with A. The value obtained for Unc has been subtracted from 
each of the values obtained using the 89.6 Env. Results are shown from 
one experiment. Similar activity for STRL33 was found in another ex- 
periment using the 89.6 Env. 
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Figure 5. HIV-1 infection of STRL33~imnsfected Jurkat celis, 2 X 10*^ 
cells were infected with HlV-ig^i] corresponding to 10^ cpm of RT ac- 
tivit}'. Samples were taken every 2 d for determining RT activity from 
cultures of the control-transfected jurkat cell line JCO.l (■) and from cul- 
tures of the l-transfected jurkat cell line JC3.9 (A), 



with cells expressing the Envs from the M -tropic strains 
ADA, SF162, Ba-L, and JR-FL and not the Envs from 
TCL-tropic LAV (NL4.3) and IIIB. These results are con- 
sistent with previous reports (8, 11-15). 

In contrast with the restricted specificities of CXCR4 
and CCR5, STRL33 functioned with CD4 as a fusion co- 
factor for cells expressing Envs from both TCL-tropic and 
M-tropic strains. Additionally, as shown in Fig. 4 B, STRL33, 
like CXCR4 and CCR5. mediated fusion with the dual- 
tropic Env 89.6. Negligible p-Gal activity, equivalent to 
levels seen using the Unc Env, was detected in fusion assays 
using CD4-expressing NIH 3T3 cells transfected with a 
control vector lacking the STRL33 cDNA insert, or in as- 
says using NIH 3T3 cells transfected with the STRL33 
cDNA but not expressing CD4 (data not shown). 



We tested the ability of STRL33 to support productive 
infection with HIV-1. We transfected Jurkat ceils, which 
express CD4 and CXCR4, but not other known HIV-1 
coreceptors, with vector containing the STRL33A cDNA, 
or with vector control, and cell lines were derived under 
selection by limiting dilution. We infected the STRL33~ 
transfected and control cells with HIV-Ielu. a molecularly 
cloned isolate with properties of a primary virus (34, 40, 
41). HIV-Ielii has been shown to grow poorly in Jurkat 
cells (34) and CXCR4 does not function efficiently as a co- 
receptor for the HIV-Ieui Eriv (13). As shown in Fig. 5, 
the 577^33-transfected cells supported productive infection 
with HlV-lgm under conditions where control transfected 
cells yielded no detectable virus. Although in experiments 
using higher innocula of virus, HlV-lgui, as reported (34), 
could infect cultures of control Jurkat cells, the activity of 
STRL33 was also clear in these experiments, because HIV- 
Ielii production by the control cultures lagged significantly 
behind HIV-Ielh production in cultures of STRL33-trans~ 
fected cells (data not shown). Enhanced infection with 
HIV-1elji in ST7?L33-transfected Jurkat cells was demon- 
strated in four experiments using a total of three indepen- 
dent S77?L33- transfected cell lines. 

The identification of STRL33 adds to the recent discov- 
eries on the roles of chemokine receptors in the pathobiol- 
ogy of HIV-1 infection. STRL33 is a novel GPCR that 
can function with CD4 to mediate fusion with cells bearing 
HIV-1 Envs from laboratory-adapted TCL-tropic, M-tropic, 
and dual -tropic strains. In this regard, STRL33 can mediate 
fusion with a wider range of Envs than can the major co- 
factors CXCR4 and CCR5. Recent literature has sup- 
ported the strong correlation between assays for Env/core- 
ceptor-mediated fusion and infection (8, 11-16), and we 
have demonstrated that STRL33 can significantly enhance 
the ability of HIV~1 to infect cells. While the role of 
STRL33 in the biology of viral infection is unknown, the 
STRL33 gene is expressed in cells and tissues that are 
among the natural targets for HIV-1. Further work will de- 
termine whether STRL33 represents an important host 
component in the transmission of HIV-1 and the progres- 
sion of AIDS. 
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A new S!V co-receptor, 
STRL33 

The identification last year of chemokinc 
receptors as fusion co -factors for HIV-l'"*' 
has contributed significantly towards under- 
standing HIV transmission and AIDS 
pathogenesis (see ref 7 for a review). 
Because the experimental infection of rhesus 
macaques with simian immunodeficiency 
virus (SIY) and the resulting development 
of an AIDS-like ilhiess is the best animal 
model for HIV disease in humans^, identif)^- 
ing SI\^ co-receptors analogous to those 
used by HIV has obvious importance. We 
now report that STRL33, a chemokinc 
receptor-like orphan receptor expressed in 
activated human lymphoc)n:es and actmg as 
a fusion co-factor with envelope glycopro- 
teins (Envs) fi-om HIV-1 strains of diverse 
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tropisms'', is a co- receptor for SIV 

The chemokiiie receptors CXCR4 and 
CCR.5 are known to be important HIV-1 
CO- receptors for T-cell-iine-tropic (TCL- 
tropic)' and macrophage -tropic (M -tropic) 
isolates^~^\ respectively. The chemokine re- 
ceptors CCR2B and CCR3 can also act as 
co-receptors^'^ Although CCR5, but not 
CXCR4, CCRl, CCR2B, CCR3 or CCR4, 
can serve as a co-receptor for diverse strains 
of SIV"*"^^ it is also clear that human 
peripheral blood mononuclear cells express 
an SW co~receptor(s) distinct from CCRS'^'. 

First> we assessed SIV co-receptor activi- 
ty of STRL33 and various chemokine recep- 
tors using the vaccinia -based cell fusion 
assay''. We tested cells expressing the Envs 
from SIV„,,,23,^ (TCL- tropic) and from 
SIV^^;,-3i(, (M -tropic) for their ability to fuse 
with ceils expressing CD4 and a single can- 
didate CO -receptor. STRL33 has potent 
f 11 s i o n CO - r e cep i o r a c ti \4t) ^ with b o th S I \'' 
Envs {Fig, la). Consistent with previous 
reports'^*~'% CCR5 functions with both 
Envs. We found no SIA^j,,^.,,. fusion co- recep- 
tor activity with CGRl, CCR2B, CCR3, 
CXCR4 (Fig. la) or CGR4 (not shown). 

We next examined the ability of SIVj^^.j-259 
to establish a productive infection in trans- 
fectants of human Jurkat T cells stably 
expressing STRL33 or CCR5. Both STRL33 
:and CCR5 render Jurkat cells permissive to 
SIV infection (Fig. lb), whereas we obser- 
ved no productive infection in the parental 
Jurkat cells (Fig. lb) or in various transfect- 
ed control cell clones (data not shown). The 
basis for the difference in replication kinet- 
ics in the Iurkat-STRL33 and the Jurkat- 
CCR5 cultures is unknown — contributing 

Figure 1 S!V co-receptor activity of STRL33, also 
referred to as Bonzo"'^. a, Vaccinia-based cell 
fusion assay (see citations in refsl, 4 and 13 for 
nnethods). We transfecled target cells (NH 3T3) 
with plasmids containing the candidate co-recep- 
tor complementary/ Df\IAs linked to the bacterio- 
phage T7 promoter and then co-infected themi 
with vaccinia recombinant vTF7-3 encoding T7 
RNA polymerase and v3B-3 encoding CD4. We co- 
infected effector cells (HeLa) with vCB-2lR (contain- 
ing the Escherichia coli LacZ gem linked to the T7 
promoter) plus one of the following Env-encoding 
vaccinia recombinants: vGB-74 (SlV^^cssa) or vGB-7b 
(SlV^^^^g) {C. C. Broder and E. A. B., personal com- 
munication), or vCB-16 (nonfusogenic uncleaved 
Unc ll!B). We assessed cell fusion after 2 h by col- 
onmetric assay of f3-galactosidase activit>-' in deter- 
gent celi lysates. b, Productive SlV'^rnacssg infection of 
jurkat celi transfectants. V\Je prepared virus stock 
from HEK 293 cells transfected with SlV^ac23s DI^A 
and used it to infect Jurkat cell transfectants stably 
expressing STRL33 (ref. 9) or CX:R5 (ref. 4) (as well 
as control Jurkat cells). We assessed virus produc- 
tion by measuring reverse transcriptase activity 
in the medium. The Jurkat-CCR5 infection was 
done in a separate expehment from other Jurkat 
infections. 
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factors could be differences in the levels of 
co-receptor expression and the efficiencies 
of co-receptor function for SJV^^^^,.^, 

The discovery of individuals who are 
infected with HIV-l despite being homozy- 
gous for an inactivating deletion in the 
CCR5 gene^''"'^' show^s that at least one 
receptor other than CCR5 can be important 
in HIV disease. Further investigation of 
STRL33 and other members of the co- 
receptor repertoire is thus critical for 
understanding the natural disease process, 
and may assume added significance if 
HIV-1 is placed under selective pressure by 
therapies designed to block a specific co- 
receptor. Furthei:, the activity of STRL33 
with SIVj,^^^ has relevance to human AIDS 
beyond the general parallels between the 
human and simian systems, as SIV,^^^^^ is 
phylogenetically close to, and thought to be 
the immediate progenitor of, HIV-2 (ref. 
17), a virus known to cause AIDS. 

Together with our previous repoi't that 
STRL33 functions with HIV-1 strains of 
diverse tropisms'', our present findings with 
SIV demonstrate that STRL33 is active with 
a broader range of Envs than has been 
described for any of the co -receptors so far 
discovered. This attribute suggests that 
STRL33 will be of particular value in unrav- 
elling the structural determinants of inter- 
actions between Envs and co-receptors. 
Ghalib Alkhatib"^, Fang Liao^ 
Edward A. Berger"*^ 
Joshua M. Farber^ 
^Labora to rj ' of Vira I D iseases, 
and 'Laboratory of Clinical Investigation, 
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•STRL33 is identical to Bonzo, one of the SIV 
co-receptors described by Deng et al elsewhere 
in this issue^'. See also N&V, pp. 230-231. 
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Summary 

Clinical isolates of primate immunodeficiency viruses, including human immunodeficiency vi- 
rus type 1 (HIV-1), enter target cells by sequential binding to CD4 and the chemokine recep- 
tor CCR5, a member of the seven-transmembrane receptor family. HIV-1 variants which use 
additional chemokine receptors are present in the central nervous system or emerge during the 
course of infection. Simian immunodeficiency viruses (SIV) have been shown to use CCR5 as 
a coreceptor, but no other receptors for these viruses have been identified. Here we show that 
two orphan seven-transmembrane segment receptors, gprl and gprlS, serve as coreceptors for 
SIV, and are expressed in human alveolar macrophages. The more efficient of these, gprl 5, is 
also expressed in human CD4'^ T lymphocytes and activated rhesus macaque peripheral blood 
mononuclear cells. The gprl 5 and gprl proteins lack several hallmarks of chemokine receptors, 
but share with CCR5 an amino-terminal motif rich in tyrosine residues. These results under- 
score the potential diversit)^ of seven-transmembrane segment receptors used as entry cofactors 
by primate immunodeficiency viruses, and may contribute to an understanding of viral varia- 
tion" and pathogenesis. 



The human immunodeficiency viruses, HIV-1 and 
HIV~2, induce acquired immunodeficiency syndrome 
(AIDS) in humans, and simian immunodeficiency viruses 
(SIV)^ can induce AIDS-like illness in Old World monkeys 
(1-5), Isolates of HIV-1, the major cause of AIDS in hu- 
mans, have been phylogeneticaUy segregated into groups M 
and O (6) . HIV-2 and SIV form a distinct group of phylo- 
geneticaUy and antigenically related viruses (2, 3, 6-8). 

AIDS induced by HIV-1 or HIV-2 in humans or by SIV 
in monkeys is characterized by the depletion of CD4^ T 
lymphocytes, which represent a major target of viral infec- 
tion in vivo (9). Infection of other CD4'^ cell types, such as 



^Abbreviations used in this paper: 7-TMS, seven-transmembrane segment; 
CAT, chloramphenicol acetylcransferase; SIV, simian immunodeficiency 
virus. 
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monocytes in the blood, tissue macrophages, and microglial 
cells in the brain, has been suggested to be important for 
the pathogenesis of primate immunodeficiency viruses in 
the central nervous system and in the lungs (10-14). Cer- 
tain populations of dendritic cells in the blood and tissues 
may also be infected by these viruses (15, 16). 

The tropism of pnmate immunodeficiency viruses for 
CD4'^ ceEs is explained by the use of the CD4 glycopro- 
tein as a primar)^ receptor for virus entry into the cell (17- 
19). The viral envelope glycoproteins, which mediate virus 
entry, consist of the gpl20 exterior envelope glycoprotein 
and the gp41 transmembrane glycoprotein (20, 21). The 
gpl20 glycoprotein binds the CD4 molecule, following 
which the gpl20-CD4 complex binds one of the members 
of the chemokine receptor subgroup of seven-transmem- 
brane segment (7-TMS) receptors (22-24). This binding is 
believed to promote conformational changes in the gpl20 
and gp41 glycoproteins which result in the fusion of viral 
and cellular membranes (25-27). 
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Virai variation, particularly that found m the gpl20 gly- 
coprotein sequences (28, 29), dictates the specific chemo- 
kine receptor which can be used as an entry cofactor. M-tropic 
HIV-^l variants which use the chemokine receptor CCR.5 
as a coreceptor predominate during the asymptomatic 
stages of infection (30-35). CCR5 is expressed on T lym- 
phocytes, monocytes/macrophages, brain microglia, and den- 
dritic cells (36-39) . Individuals with defects in CCR5 ex- 
pression are relatively resistant to HIV-1 infection {40-42), 
indicating the critical contribution of this chemokine re- 
ceptor to virus transmission. Some M-tropic brain isolates 
of HIV-1 also use the chemokine receptor CCR3 as a 
coreceptor, consistent with the expression of CCR3 in 
brain microglia (39). Later in the course of infection, T-tropic 
HIV-1 variants emerge which can use chemokine recep- 
ton, especially CXCR4, but also CCR3 and CCR2b, in ad- 
dition to CCR5 (34, 35, 43-45). The emergence of these 
viruses has been suggested to coincide with a less favorable 
chnical prognosis (45), perhaps through an expansion of the 
range of infectable CD4'^ T cell subsets (46). 

Pnmary^ isolates of HrV~2 and SIV have been shown to 
use rhesus macaque or human CCR5 as a coreceptor (47, 
48) and are inhibited by the natural CCR5 Hgands, MlP-la, 
MIP-ip, and PJUsfTES (49). None of the other known 
HIV-1 coreceptors has been sho\\Ti to be used by SIV, 
whereas some isolates of HIV-2 can use CXCR4 for entry 
into CD4" cells (50). Several Hnes of evidence have sug- 
gested the existence of at least one other coreceptor for 
SIV. A human B ceU/T cell hybrid, CEMX174, supports 
SIV entry, but lacks CCR5 and does not support efficient 
entry of HIV-1 viruses using CCR5 (48). A neuroglioma 
cell line, U87, stably transfected with CD4, similarly sup- 
ports entry of SIV^^^239 but does not allow for efficient 
entry of any known HIV-1 virus (51). Finally, PBMCs 
from humans lacking a functional CCR5 receptor can 
nonetheless be infected with SIV (48). Here we identify 
two additional SIV coreceptors, gprl and gprlS, which are 
expressed in U87 and CEMX174 cells, respectively. Both 
proteins are expressed in human alveolar macrophages, and 
the gprl 5 protein is abo expressed in CD4'^ T lympho- 
cytes. 

Materials and Methods 

Preparation ofcDNA Libraries and cDNA. Messenger RNA was 
isolated using the CsCl method and selection on magnetic beads 
with oligo-dT (Dynabeads; DYNAL, Inc., Lake Success, NY). 
RNA was obtained from purified human 004"^ peripheral blood 
T cells (gift of Dr. Linda Clayton, Dana-Farber Cancer Institutes, 
Boston, MA), human alveolar macrophages (gift of Dr. Hal Chap- 
man, Brigham and Women's Hospital, Boston, MA), CEMX174 
ceMs, and U87 neurogHoma cells. RNA was also isolated fi-om 
phytohemagglutinin-treated, interleukin-2-stimulated PBMCs 
from a healthy rhesus macaque (New England Regional Primate 
Research Center, Foxboro, MA). The cDNA libraries from the 
U87 and CEMX 174 cell Hnes were made by reverse transcription 
(Superscript; GIBCO BRL, Gaithersburg, MD) using a umdirec- 
tional primer suppBed by the manufecturer. Size-selected cDNAs 
were cloned into a BstXI/NotLdigested pcDNA3.1 vector (In- 



vitrogen, Carlsbad, CA). The human alveolar macrophage library 
was prepared by Invitrogen in pcDNAl. Double-stranded CD4'*' 
T cell cDNA was synthesized using a kit from Boehringer Mann- 
heim (Indianapolis, IN). 

Cloning of cDNAs for 7-TMS Proteins. The expression plas- 
mids for rdcl, ebi2, gprl, gprl 5, and dez were prepared by PGR 
amplification of a cDNA librar>^ made from either CEMX 174 or 
U87 cells, as described above. The amplified fragments were cloned 
into the pcDNA3 piasmid for expression. Expression plasmids for 
other chemokine receptors were generously suppUed by Drs. Paul 
Ponath and Walter Newman (LeukoSite, Inc., Cambridge, MA) 
(v28, CXCRl, CXCFL2), Dr. EUiot Kieff (Harvard Medical 
School, Boston, MA) (ebil), and Dr. Monica NapoHtano (Re- 
gina Elena Cancer Institut, Rome, Italy) (terl). 

Testing SIV Coreceptor Activity. A previously described env- 
complementation method (27, 28, 47) was used to produce re- 
combinant HIV-1 vimses which contained the SIV envelope 
glycoproteins and were capable of encoding chloramphenicol 
acetyltransferase (CAT) in target cells. Briefly, recombinant virus 
was incubated with Cf2Th cells transfected wdth plasmids ex- 
pressmg human CD4 and candidate coreceptors. Cells were har- 

Table 1. Expression of 1-TMS Proteins and Actiuity as an 
SIV^,^39 Coreceptor 



Expression in: 



Pnmary SIV^,239 



7-TMS 
protein 


Reference 


CEMX 174 


U87 


CD4-^ 
T cells 


coreceptor 
activity 


m 


55 








ND 


bkl 


56 


+ 




ND 




CCR5 


38, 57 






+ 


+ 


CXCRl 


58 


ND 


ND 


ND 




CXCR2 


59 


ND 


ND 


ND 




CXCR3 


60 


ND 


ND 


ND 




CXCR4 


61 


4- 


+ 


+ 




dez 


62 




+ 


+ 




ebil 


63 


+ 


+ 


+ 




ebi2 


63 


+ 


+ 


+ 




gc96 


* 






+ 


ND 


gcy4 


64 






+ 


ND 




53 




+ 




+ 


gpv2 


53 








ND 


gpr4 


65 








ND 


gprS 


65 








ND 


gprl 5 


54 


+ 




+ 


+ 


rdcl 


66 


+ 


+ 


+ 




terl 


67 










v28 


68 


ND 


ND 


ND 





Positive expression values indicate the detection of a PGR product of 
expected size and restriction map amplified from the indicated cDNA 
source. Coreceptor activit)^ for viruses with SrV^(^39 envelope glyco- 
proteins was determined as described in Materials and Methods. 

These sequence data are available from EMBL/GenBank/DDBJ un- 
der accession number U45982. 
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gpri :„.:,::..:;:..:,:..; ?::,;„„:'^"? ' CXCR4 



Figure 1. CAT activity in C£2Th cells expressing CD4 alone or together with gprl, gprlS, CCR5, or CXCR4 after incubation with HIV-1 recombi- 
nant viruses carrying the SrVj^^39, SIVj^316, or HIV-1 (YU2, HXBc2, 89.6, or ADA) envelope glycoproteins. A representative experiment is shown. 
The amount of target cell lysate used was equivalent for all the experiments shown. CAT activity was determined by calculating the percentage of 
chloramphenicol present in acetylated forms (three uppermost spots) to the total amount of chloramphenicol The nonacetylated form of chloramphenicol is 
present in the spot closest to the origin, which is near the bottom of the figure. 



vested and assayed for CAT activity, which was determined by 
measuring the conversion of chloramphenicol to acetylated forms 
of chloramphenicol. The $W^^^239 and SrV^^3\6 envelope gly- 
coproteins were expressed from the previously described pSIVAgpv 
plasmid (47). The HIV-l envelope glycoproteins were expressed 
as previously described (27, 28). 

Analysis of Expression of l-TMS Proteins in Cells and Tissues. 
The expression of 7-TMS protein messenger RNA in CEMX 
174 and U87 cells and primary human CD4"^ T lymphocytes and 
alveolar macrophages was examined by synthesis of cDNA from 
polyadenylated PJSIA prepared from these cells, as described above. 
Primers corresponding to the nucleotide sequences encoding the 
first and third extracellular loops of the proteins were used for 
amplification by PCR. The identity of amplified fragments was 
confirmed by restriction enzyme digestion. 



lope glycoproteins and expressed CAT were incubated with 
Cf2Th canine thymocytes transfected with plasmids ex- 
pressing human CD4 and the 7-TMS proteins. Table 1 Hsts 
the 7-TMS proteins tested, summarizes their expression in 
CEMX 174, U87, and human CD4+ T cells, and indicates 
coreceptor activity^ for viruses v^th the SIVj^c239 envelope 
glycoproteins. Of the 7-TMS proteins tested, only gprl, 
gprl 5, and CCR5 supported the entry of viruses wdth the 

Table 2. CAT Activity in Cf2Th Celb Expressing CD4 and 
7-TMS Proteins following Incubation with Viruses Containing 
Different Envelope Glycoproteins 

Viral envelope glycoproteins 



SIV 



HIV-l 



Results 

We had previously tested a number of human chemo- 
kine recepton (CCR1-CCR5, as well as CXCR4) and 
found that of these only CCR5 could support entry of an 
HIV-1 virus pseudotyped v^dth the envelope glycoproteins 
of a pathogenic, moiecularly cloned SIV, S'r\[^^^2?>9 (47). 
To idendfy additional coreceptors which might be used by 
SIV, we screened cDNA Hbraries from SFV-infectable cells, 
CEMX 174 and U87, for the expression of mRNA encod- 
ing known 7~TMS proteins exhibiting some sequence sim- 
ilarity to chemokine receptors. The cDNAs which were 
shown to be expressed in either cell line were tested for 
the ability' to support SIV and HIV-1 entry. Recombinant 
HIV-1 viruses which contained either HIV-1 or SIV enve- 



7-TMS protein SIV^,,239 SIV^e316 


ADA 


YU2 JR-FL 


89.6 


CXCR4 


<0.1 


<0.1 


<0.1 


<0.1 <0.1 


9-3 


CCR5 


19,0 


12.1 


113.9 


290.8 203.7 


9.4 


gprl 


7.0 


2J 


<0.1 


<0.1 <0.1 


<ai 


gprl 5 


30.3 


30.5 


0.7 


0-9 <0.1 


<0.1 



The percent conversion of chloramphenicol to acetylated forms is 
shown following incubation of comparable amounts of lysates derived 
from CGTh cells exposed to recombinant viruses. The CAT activity 
was calculated as described in the legend to Fig. 1 . In some cases, dilu- 
tions of the lysates were tested to bring the assay within the linear range 
and, thus, the reported values exceed 100%. 
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gpri 




gpr1 5 



Figure 2. Expression of gpri and gpri 5 RNA in cells. The cDNA li- 
braries from U87 and CEMX174 cells and from human alveolar mac- 
rophages, as well as cDNA prepared from human QD4'^ T lymphocytes, 
were PGR amplified using gpri - or gprlS-specific primers. 



SIVj„3^239 envelope glycoproteins. These three 7-TMS 
proteins also supported the entr^^ of viruses with the mac- 
rophage-tropic SrV^^^316 envelope glycoproteins (Fig. 1). 
The SIV coreceptor activity' exhibited by the gpri 5 protein 
was greater than that of CCR5, whereas the coreceptor ac- 
tivity^ of gpri was ^30% that of CCR5 (Table 2). Most of 
the viruses with HIV-1 envelope glycoproteins (HXBc2, 
JR-FL, 89.6) did not infect Cf2Th cells expressing CD4 
and gprl5, although the viruses with the M-tropic HIV-1 
ADA and YU2 envelope glycoproteins demonstrated a low 
but reproducible signal in these cells (Fig. 1 and Table 2). 
Following incubation with the ADA and yU2 viruses, the 
CAT conversion in the CD4^, gprlS"*- Cf2Th ceUs was 
<1% of that seen in the CD4+, CCR5^ control ceUs (Ta- 
ble 2). Cf2Th cells expressing CD4 and gpri were not in- 
fected by viruses containing any of the HIV-1 envelope 
glycoproteins tested (Table 2). 

The expression of gpri 5 and gpri in different cell types 
was examined. Since specific reagents to detect these pro- 
teins were not available, expression was examined by RNA 
analysis. A cDNA for gprl5 was readily detected in human 
CD4"^ T lymphocytes, in human alveolar macrophages, in 
activated rhesus macaque PBMCs, and in CEMX174 cells, 
but not in U87 cells (Table 1, Fig. 2, and data not shown). 
By contrast, a cDNA for gpri could not be detected in pri- 
mary human T lymphocytes, activated rhesus macaque 
PBMCs, or CEMX174 ceUs, but was detected in U87 cells 
and human alveolar macrophages. 

Discussion 

HIV--1, HIV-2. and SIV aU use CCR5 as a coreceptor, 
indicating the importance of this protein in primate immu- 
nodeficiency virus pathogenesis (28, 30-33, 47, 48). The 
use of other chemokine receptors by HIV-1 has been sug- 
gested to be important for infection of anatomical compart- 
ments such as the brain or for more efficient T cell deple- 
tion (39, 45, 46). The identification of gpri and gprlS as 
additional SIV coreceptors should assist efforts to under- 
stand the consequences of the use of coreceptors other than 
CCR5 in primate models of AIDS. While the in vivo con- 
tribution of gpri 5 to SIV replication and pathogenesis re- 
quires fiirther investigation, several lines of evidence indi- 



gprl5 ITOPEETSWLDYYTATSPM 

gpri MEDLEETLFEEFENYSTOLOTYSLESD 

rCCR5 M)YQ¥SSPT¥EIdY^SEPC 

CCR5 MDYQVSSPITOIHYYTSEPC 

Figure 3« An alignment of human gpri, human gpri 5, rhesus CCR5 
(rccrS), and human CCR5 from the NHs-tenninus through the first cys- 
teine of CCR5 is shown. Tyrosines shown to be important for HIV-1 
and SIVtna^39 entry are shown in bold. Other residues similarly posi- 
tioned in these proteins are underlined. Sequences for gpri and gpri 5 are 
provided in references 53 and 54, respectively. 



cate that gprlS is an important SIV coreceptor. The gprl5 
protein is expressed on CD4"^ T lymphocytes, a major tar- 
get ceD for SIV infection in vivo (10), and on alveolar mac- 
rophages. The gpri 5 protein is also expressed on CEMX 
174 cells, which are routinely used to passage SIV obtained 
from monkey PBMCs (52), The rapid outgrowth of SIV 
viruses with minimal sequence changes on CEMX 174 cells 
suggests that these cells express a receptor used by primary' 
SIV viruses. The weak use of gpri 5 by the ADA and YU2 
HIV~1 viruses may be an inadvertent consequence of simi- 
larities in the amino-terminal regions of gprl5 and CCR5, 
or may indicate that adaptation to these receptors or to a 
related receptor occurs in some subsets of HIV-1. 

The in vivo contribution of gpri to primate immunode- 
ficiency virus infection is also unresolved. The gpri protein 
weakly supported SIV infection in our studies. Whether 
this inefficient coreceptor activity is an intrinsic property of 
gpri or merely reflects low cell surface expression of gpri 
requires fiirther investigation. While gpri is not apparendy 
expressed on primary CD4'^ lymphoc>^tes, it is expressed 
on tissue macrophages and in the brain (53) and thus may 
play a role in SIV infection of particular nonlymphoid tar- 
get cells. 

In primary structure, gpri and gpri 5 resemble the angio- 
tensin II receptor and the orphan receptors dez and apj 
more than they do any of the known chemokine receptors 
(53, 54). Gprl5, like dez and gpri, lacks the cysteines in 
the NH2"terminal region and the third extracellular loop 
which, in the chemokine receptors, are thought to be di- 
sulfide linked. It is interesting that despite the general se- 
quence divergence of gprl5/gprl and other identified pri- 
mate immunodeficiency virus coreceptors the gpri 5 and gpri 
amino termini contain three tyrosines which align with 
similarly positioned tyrosines in CCR5 (Fig> 3). Alteration 
of these tyrosines has been shown to decrease the efficiency 
with which CCR5 supports the entry of SIV and M-tropic 
HIV-l isolates (Farzan, M., H. Choe, and J. Sodroski, un- 
pubhshed observations). The identification of gpri 5 and 
gpri as SIV coreceptors suggests a greater range and com- 
plexity of coreceptors for the primate immunodeficiency 
viruses than previously described. Comparative studies of 
these divergent coreceptors v^th the known coreceptors 
for these viruses should assist in the identification of com- 
mon structural elements in 7-TMS proteins which serve as 
viral entry co&ctors. 
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